In our previous research, it was suggested that a sort of copper molybdate Cu 3 Mo 2 O 9 generated on the friction track of aluminum bronze coated with MoO 3 powder reduced friction under high temperature conditions. In order to study the lubricity of copper molybdate as high temperature lubricant, the lubrication properties of two kinds of copper molybdate powders, CuMoO 4 and Cu 3 Mo 2 O 9, were studied by comparing with the lubricity of CuO and MoO 3 powders. These powders were supplied to the sliding surface of the stainless steel specimens as solid lubricant and the friction test was conducted at various ambient temperatures ranging from room temperature to 700°C. Cu 3 Mo 2 O 9 and CuMoO 4 powders were synthesized by heating the mixture of CuO and MoO 3 powders in their own specific heating conditions and identified by XRD. Both of Cu 3 Mo 2 O 9 and CuMoO 4 powders showed lower friction coefficient and smaller wear amount of specimen with increasing ambient temperature. On the other hand, CuO and MoO 3 powders showed poor lubricating ability and high wear amount of specimens comparing with two kinds of copper molybdate powders. It was suggested that the enhanced maintaining abilities of copper molybdate on the stainless steel substrate at high temperature and generation of unoxidized copper under high temperature conditions could enhance lubricating abilities.
Introduction
Lubrication properties of many kinds of solid materials as high temperature lubricant have been studied. One of effective materials which can be used under high temperature conditions is metal oxide. The lubricity of many kinds of oxides and double oxides at high temperature has been studied and some of them showed excellent lubricity at high temperature [1] [2] [3] . Molybdenum trioxide (MoO 3 ) showed lubricity (friction coefficient of about 0.2) as a solid lubricant in the sliding between the nickel chrome alloys at about 700°C [1] .
The effects of MoO 3 powder as a high temperature lubricant on the friction and wear properties of aluminum bronze were studied [4] . MoO 3 powder supplied to the sliding surface reduced friction and wear of materials at the temperature of over 500°C. As the result of X-ray diffraction analysis of the friction track tested at high temperature, it was revealed that one of copper molybdates, Cu 3 Mo 2 O 9 , was generated on the friction track during sliding at high temperature. It was suggested that MoO 3 didn't work directly as a high temperature lubricant, but it reduced friction and wear by changing into copper molybdate.
Wahl et al. reported that the ion-beam deposited amorphous Cu-Mo coating on alumina substrates changed to crystalline oxide at high temperature and showed low friction coefficient at 530 and 650°C [5] . This oxide was not completely identified but they suggested this crystalline oxide could be one of copper molybdates. They concluded that the oxide softened above their ductile-to-brittle temperature and then relative softness of the oxide with respect to the substrate reduced friction. Copper molybdates have been well investigated as a catalyst in the field of material research [6] [7] [8] . However, as far as we know, the lubricity of copper molybdate has not been fully investigated.
In order to study the lubrication mechanism of copper molybdate under high temperature conditions, the lubricity of two kinds of copper molybdates, Cu 3 Mo 2 O 9 and CuMoO 4 , under several temperature conditions were compared with the lubricity of CuO and MoO 3 . In this experiment, two kinds of copper molybdate powders were synthesized from CuO and MoO 3 powders.
Experiments

Sample Preparation -Copper Molybdate
Copper molybdate has various kinds of stoichiometric or non-stoichiometric compounds [9] [10] [11] [12] . Both of copper molybdates, Cu 3 Mo 2 O 9 and CuMoO 4 , are stoichiometric compounds of CuO and MoO 3 . In this experiment, these copper molybdates were obtained by heating mixed CuO and MoO 3 powders in air. Commercially available CuO and MoO 3 powders were used as base materials and their purities are 99 and 99.5% respectively. The average particle sizes of CuO and MoO 3 powder were 1.9 and 1.6 μm respectively. These powders were mixed and homogeneously dispersed by mixing well in a mortar. The mixing mass ratio of these two powders was calculated based on the stoichiometric ratio of each composite. The heating temperature and heating period for Cu 3 Mo 2 O 9 powder were 700°C and 1 hour, and those for CuMoO 4 powder were 500°C and 12 hours [13] respectively.
The X-ray diffraction spectra were obtained from these heated mixed powders by using cobalt X-ray source, in order to confirm that these synthesized two kinds of materials were Cu 3 Mo 2 O 9 and CuMoO 4 . Figures 1(a) and 2(a) show the obtained X-ray diffraction spectra and Figs. 1(b) and 2(b) show the diffraction peak patterns referred from the database for Cu 3 Mo 2 O 9 (JCPDS 01-070-1495) and CuMoO 4 (JCPDS 01-085-1530) respectively. Here, database peak position was converted with consideration for the difference of the wavelength of X-ray emitted from copper target and that from cobalt target. Both spectra obtained from two kinds of heated mixed powders are in good agreement with each database. As the result of peak pattern matching, these synthesized materials were identified as each copper molybdate, CuMoO 4 and Cu 3 Mo 2 O 9 .
Two kinds of copper molybdates showed different color as shown in Fig. 3 . Cu 3 Mo 2 O 9 is dark brown powder ( Fig. 3(a) ) and CuMoO 4 is bright yellowish powder ( Fig. 3(b) ). Figure 4 shows microscopic structure of (a) Cu 3 Mo 2 O 9 , (b) CuMoO 4 , (c) CuO and (d) MoO 3 powders obtained by scanning electron microscope. The shape and size of both copper molybdate particles are different from CuO or MoO 3 . It seems that copper molybdate particles fused each other and grown to larger particles.
Sample Preparation -Specimens for Friction Test
Stainless steel SUS304 (JIS G4303) was used as a test material for the friction pair of ring and disk specimen. The outer and inner diameter of the ring specimen were 20 and 15 mm respectively. The diameter and thickness of the disk specimen were 25 and 7 mm respectively. First of all, the sliding surface of ring specimen was slightly sandblasted with the alumina abrasives with the particle size less than 180 μm, and then washed in acetone by the ultrasonic cleaning process. The surface roughness of the blasted surface was controlled to be between 1.0 and 1.4 μm (Ra). Copper molybdates, CuO and MoO 3 powders were accumulated on the blasted sliding surface as a powder coating. The quantity of accumulated powder on the sliding surface was estimated by measuring the weight of specimen before and after coating treatment, and it was controlled to be between 5 and 6 mg. The average thickness of the coating was estimated from the mass of accumulated coating, density of materials and coated area of specimen. The estimated thickness of Cu 3 Mo 2 O 9 , CuMoO 4 , CuO and MoO 3 coating was about 8-10 μm, 11-13 μm, 6-7 μm and 8-9 μm respectively. The details of coating treatment and microscopic appearance configurations are described in our previous report [4] .
Friction Test
The sliding test was conducted with the ring-on-disk apparatus with a furnace. The ring specimen was mounted to the rotating axis with the coated sliding surface up and the disk specimen was mounted to the linear axis. The disk specimen was pressed against the ring specimen from above. The applied pressure was 0.46 MPa which correspond to the applied normal load of 61.8 N. The sliding speed of the ring specimen was 55 mm/s which correspond to the rotating speed of the ring specimen of 60 rpm. The sliding distance was 200 m. The ambient temperature during sliding test was controlled to be from the room temperature to 700°C in this experiment. The temperature inside of the furnace was risen to the target temperature with the temperature increasing rate of 10°C/min. Friction test was conducted after maintaining the target temperature for 30 min.
Results
Friction Coefficient
The variations of friction coefficient with time for each specimen tested at the ambient temperature of 700°C are shown in Fig. 5 . Friction tests were conducted 3 times for each specimen and typical data are shown in this figure. Uncoated specimen showed high friction coefficient from 0.6 to 1.1 in the early half period of friction test and it showed relatively low friction coefficient around 0.5 in the later half period as shown in Fig. 5 (a). CuO and MoO 3 coated specimens showed variations of friction coefficient with time similar to that of uncoated specimen, however, they showed relatively low friction coefficient in comparison coated specimen showed remarkably stable and low friction coefficient around 0.3. Figure 6 shows the average friction coefficient, which was the friction coefficient averaged over entire period of friction test, of each specimen tested at various ambient temperatures from room temperature to 700°C. The uncoated specimen showed little change in friction coefficient above 0.5 for the wide range of ambient temperature and showed high friction coefficient of over 0.6 at 700°C. CuO and MoO 3 didn't show the remarkable lubricity in this experiment. The friction coefficients of these specimens were above 0.5 for all ambient temperature conditions. Two kinds of copper molybdates showed high friction coefficient at room temperature, however, friction coefficients of these specimens decreased with increase of ambient temperature and showed good lubricity at the temperature above 500°C. Cu 3 Mo 2 O 9 coated specimen showed the lowest friction coefficient of 0.32 at 700°C. Figure 7 shows the wear amount of ring specimen tested at various ambient temperatures. The wear amount of the specimen was obtained as a weight loss by measuring the weight of the specimen before and after the friction test. Preliminary to the friction test, it was confirmed that the weight increase of heated specimen by oxidation was negligibly small comparing with the wear amount. Although MoO 3 and two kinds of copper molybdates showed high friction coefficient in comparison with uncoated and CuO coated specimens at room temperature as shown in Fig. 6 , they showed small wear amount. As a general tendency, the wear amount of specimens increased with the increase of temperature, except, the wear amount of copper molybdate coated specimens at 600 and 700°C. They showed very small wear amount as expected from the low friction coefficient of these specimens at high temperature. Figure 8 shows the wear amounts of disk specimens slid against ring specimen. It showed similar results as the results for the ring specimen. The wear amount of CuMoO 4 coated specimen at 700°C and Cu 3 Mo 2 O 9 coated specimen at 600 and 700°C were almost zero. Table 1 shows the sliding surface of uncoated, MoO 3 coated and Cu 3 Mo 2 O 9 coated ring specimens. The damage of the sliding surface of uncoated specimen became large with increase of the ambient temperature. The large amount of adhesion can be seen from the specimens tested at the high temperature above 400°C. In the case of MoO 3 coated specimen, it showed adhesive friction track tested at the temperature above 600°C. Cu 3 Mo 2 O 9 coated specimens showed damaged sliding surface at 400°C, however, they showed smooth sliding surface when they slid at high temperature above 500°C. 
Wear Amount of the Test Material
Observation of the Friction Track
Discussion
The lubricity of many kinds of oxides especially at high temperature has been studied [1] [2] [3] [4] [5] and various kinds of high temperature lubricating mechanisms have been suggested [14] [15] [16] [17] [18] [19] [20] [21] . Erdemir et al. introduced a crystal-chemical and quantum chemical approaches to understand the lubrication mechanisms of oxides at elevated temperatures [14, 15] . They reported that oxides with high ionic potentials exhibit low shear strength and hence high lubricity. In the case of binary oxides, the lubricity increases as the difference in ionic potential increases especially at high temperature because the ability of oxides to form a low-melting-point or readily shearable compound improves with the increase of the difference in ionic potential, hence, they tends to show low hardness and low shear strength at elevated temperatures.
There are some kinds of molybdate besides copper molybdate. Lead molybdate is a potential solid lubricant for use at high temperature. Zabinski et al. investigated the lubricity of PbMoO 4 film and they showed that stoichiometric and crystalline PbMoO 4 film was lubricious as the temperature raised to 700°C [16] . They suggested that the decrease in friction coefficient is due to the decrease in shear strength of the material as the temperature approaches the melting point.
One of the other molybdates is silver molybdate. Gulbinski et al. studied the tribological properties of silver doped transition metal oxide coatings and concluded that Ag 2 MoO 4 coating is the potential candidate for high temperature tribological applications [17, 18] . They reported that the friction coefficient of Ag 2 MoO 4 coating decreased with increasing temperature up to 500°C because of the gradual material softening. After the friction test at high temperature, Ag 2 MoO 4 coating showed no change in XRD and Ramman spectra. This means that Ag 2 MoO 4 coating is chemically stable under high temperature in their experiment. We have to note that this coating was deposited on the alumina substrate and rubbed with the alumina ball. Generally speaking, alumina is a chemically inert material at high temperature. On the other hand, the copper molybdate powder coating was formed on the stainless steel substrate in our experiment.
Aouadi et al. investigated the lubricity of three kinds of silver molybdate coatings, namely, Ag 2 MoO 4 , Ag 2 Mo 2 O 7 , and Ag 2 Mo 4 O 13 , at high temperature and they concluded that the superior lubricity of these silver molybdate coating is due to their layered structure with weaker Ag-O bridging bonds [19] . These relatively weak bonds may shear or break easily at high temperature.
Liu et al. studied the tribological properties of Ni-based composite with addition of Ag 2 MoO 4 from room temperature to 700°C, and it showed low friction coefficient and low wear rate at high temperature [20, 21] . Ag 2 MoO 4 decompose into Ag and Mo in their fabrication process of composite, however, Ag 2 MoO 4 is reproduced in the rubbing process at high temperature. They mentioned that the layered structure with easily breakable bonds of silver molybdate is one of the reasons of low friction. As described above, it seems that readily shearable nature due to softening or layered structure is recommended for the superior lubricity at high temperature conditions. Generally, oxides are hard and brittle material at room temperature. It was reported that oxides soften at the temperature above their ductile-to-brittle transition temperature [22] , and it is typically about 40 to 70% of their melting point (in K) [23] . The melting points of CuO, MoO 3 , Cu 3 Mo 2 O 9 and CuMoO 4 are 1026, 795, 855 and 820°C respectively. Hence, CuO could have ductile-to-brittle transition at the temperature between 250 and 640°C. CuO powder could soften at the ambient temperature above 600°C if we take account the increase of temperature by frictional heat. The melting point of CuO is higher than that of copper molybdates, on the other hand, MoO 3 and both of copper molybdates have no large difference in melting points and they could have ductile-to-brittle transition at less than 520°C. Definitely, the changing of mechanical properties such as softening of these materials with increasing temperature must be one of the reasons for the lubricity at high temperature. However, we cannot explain the difference of the lubricity among CuO, MoO 3 and two kinds of copper molybdates at high temperature if softening of metal oxide is the only thing that could reduce friction and wear of specimen.
Metal oxides generally have little adhesiveness to metal surface, thus it is difficult to attach the oxide powders tightly to stainless steel specimen. In the friction test at room temperature, a considerable amount of powder lubricant could be swept away from the sliding surface because of their poor adhesiveness. However, copper molybdates showed superior lubricity and prevented a large amount of wear of ring and disk specimens at high temperature. Therefore, it was supposed that the enhanced adhesiveness of copper molybdate under high temperature condition could be one of the reasons of good tribological properties of these materials at high temperature. Figure 9 shows the typical EPMA spectra obtained from the friction track of (a) CuO, (b) MoO 3 , (c)/(e) Cu 3 Mo 2 O 9 and (d)/(f) CuMoO 4 coated ring specimens tested at 700°C (a, b, c, d) and 400°C (e, f). CuO or MoO 3 powder coated specimen showed high friction coefficient and large wear amount of ring and disk specimens at 700°C as shown in Figs. 6-8 . In the result of EPMA analysis of these specimens tested at 700°C, X-ray peaks of copper and molybdenum, which are constituent element of CuO or MoO 3 , were not detected from these friction track as shown in Figs. 9(a) and 9(b) . In the case of CuO or MoO 3 coated specimen, it was difficult to detect the signals of copper or molybdenum from the sliding surface tested not only at 700°C but also at other ambient temperatures. This means that CuO and MoO 3 powder were easily removed from the sliding surface for wide range of ambient temperatures.
In the case of the specimens coated with two kinds of copper molybdates, they showed high friction coefficient and large wear amount of ring and disk specimens at 400°C. As shown in Figs. 9(e) and 9(f), copper and molybdenum, which are constituent element of both copper molybdates, were not detected from the sliding surfaces of the specimens tested at 400°C. On the other hand, they showed low friction coefficient and very small wear amount at 600°C and 700°C, and the X-ray peaks of copper and molybdenum were clearly detected as shown in Figs. 9(c) and 9(d) . This means that adequate quantity of solid lubricant powder remained on the friction track till the end of friction test at 600°C and 700°C. On the other hand, solid lubricant powder was easily removed from friction track at 400°C.
Adhesiveness of lubricant to the substrate plays a significant role to maintain good lubricity. As the result of a series of friction test, the adhesiveness of metal Fig. 10(a) . The shape of particles changed from rounded shape (Fig. 4(a) ) to more angulated shape by heating treatment. If most of the particles after heating treatment consist of copper molybdate, the X-ray of molybdenum and copper must be detected all together from the same position, however, they showed quite different distribution as shown in Figs. 10(c) and 10(d) . This result suggests that copper molybdate reacts with the substrate and decomposes at high temperature. The particles were not pressed against substrate in this heating treatment. Therefore, the particles having direct contact with substrate could preferentially react with the substrate and consequently the reactive state on the substrate is different from place to place. Though this reaction could be enhanced in the actual sliding surface because of applied load, newly generated material at sliding surface could be mixed with other materials during sliding and difficult to be observed by surface analysis method. So, in the next step, CuO, MoO 3 and two kinds of copper molybdates powder between the stainless steel substrates were heated at 700°C for 1 hour with a normal load and without sliding. Copper molybdate powder was spread uniformly on the substrate in the circular disk shape with the diameter of 13 mm and the applied normal load was 61.8 N, thus the applied pressure in this treatment was about same as the applied pressure of friction test. The copper molybdate powder was pressed firmly against stainless steel substrates and then heated in this heating treatment. Therefore, a certain amount of copper molybdate could react with the substrate in comparison with the particles shown in Fig. 10 . Figure 11 shows the oxide powders before and after heating treatment. The brown Cu 3 Mo 2 O 9 powder and yellowish CuMoO 4 powder changed to the black ashy powder by heating treatment as shown in Figs. 11(e)/11(f) and 11(g)/11(h) respectively. The XRD spectra obtained from CuO and MoO 3 powders and two kinds of copper molybdate powders before and after heating treatment are shown in Figs. 12 and 13 4 was confirmed from the spectra as shown in Fig. 12(d) . The diffraction peaks obtained from Cu 3 Mo 2 O 9 and CuMoO 4 powder heated between the stainless steel substrates (Figs. 13(b)  and 13(d) ) are completely different from the diffraction peaks obtained from each powder before heating (Figs.  13(a) and 13(c) ). As the result of diffraction peak matching, it was concluded that FeMoO 4 and metal copper (unoxidized copper) were generated in both copper molybdates. On the other hand, unoxidized copper was not detected from CuO powder after heating as shown in Fig. 12(b) . Figure 16 show the EPMA spectra obtained from point A and B in the Figs. 14(a) and 14(a). The strong peak of copper was detected and peak of oxygen was negligibly small at each point. If the spectra were obtained from CuO, a large oxygen peak should be detected. From the result of XRD analysis and EPMA analysis, there is almost no doubt that unoxidized copper was generated by heating copper molybdate contacting with stainless steel.
The generation of unoxidized copper could be the result of oxidoreduction reaction of copper molybdate. Although it is not known exactly why the unoxidized copper was escaped from oxidation in the high temperature atmosphere while it is cooled down to the room temperature, lack of oxygen due to the configuration of specimen might be the reason of this phenomena. The amount of oxygen in the ambient air which reacts with the powder should be limited because the small quantity of copper molybdenum powder is pressed thinly and tightly between the stainless steel substrates during heating treatment.
The generation of FeMoO 4 suggests that copper molybdate reacts with iron, which is the major constituent of stainless steel. The adhesiveness of lubricant could be increased by the reaction between solid lubricant and substrate, and then a certain amount of the solid lubricant could be maintained on the sliding surface under high temperature conditions. On the other hand, the unoxidized copper could work as soft metal lubricant at high temperature and reduce friction. It was suggested that softening of copper molybdate at high temperature [5] reduced friction coefficient and reduced wear amount of specimens. Beyond that, it was supposed that the reaction between copper molybdate and substrate maintaines sufficient amounts of solid lubricant on the sliding interfaces, and that the generation of unoxidized copper enhances lubricating properties of solid lubricant.
Conclusions
The lubricity of two kinds of copper molybdate powders Cu 3 Mo 2 O 9 and CuMoO 4 and two kinds of single metal oxide powders CuO and MoO 3 supplied to the sliding surface of stainless steel substrate were studied under the temperatures from room temperature to 700°C. Both of copper molybdate powders showed low friction coefficient with increasing temperature. On the other hand, CuO and MoO 3 powders showed poor lubricating ability and they showed large wear amount of specimens comparing with two kinds of copper molybdate. It was revealed that copper molybdates react with the stainless steel substrate at high temperature and generate FeMoO 4 and unoxidized copper. The reaction of copper molybdate with substrate results in a good adhesiveness of solid lubricant to substrate and it enhances maintaining ability of the lubricant on the friction track. This reaction generates unoxidized copper and it could assist reducing friction as a soft metal lubricant. It was suggested that the generation of soft metal could enhance a lubricity of solid lubricant in addition to a well-known lubricating mechanism of metal oxide at high temperature.
